The ECM of mammalian tissues has been used as a scaffold to facilitate the repair and reconstruction of numerous tissues. Such scaffolds are prepared in many forms including sheets, powders, and hydrogels. ECM hydrogels provide advantages such as injectability, the ability to fill an irregularly shaped space, and the inherent bioactivity of native matrix. However, material properties of ECM hydrogels and the effect of these properties upon cell behavior are neither well understood nor controlled. The objective of this study was to prepare and determine the structure, mechanics, and the cell response in vitro and in vivo of ECM hydrogels prepared from decellularized porcine dermis and urinary bladder tissues. Dermal ECM hydrogels were characterized by a more dense fiber architecture and greater mechanical integrity than urinary bladder ECM hydrogels, and showed a dose dependent increase in mechanical properties with ECM concentration. In vitro, dermal ECM hydrogels supported greater C2C12 myoblast fusion, and less fibroblast infiltration and less fibroblast mediated hydrogel contraction than urinary bladder ECM hydrogels. Both hydrogels were rapidly infiltrated by host cells, primarily macrophages, when implanted in a rat abdominal wall defect. Both ECM hydrogels degraded by 35 days in vivo, but UBM hydrogels degraded more quickly, and with greater amounts of myogenesis than dermal ECM. These results show that ECM hydrogel properties can be varied and partially controlled by the scaffold tissue source, and that these properties can markedly affect cell behavior.
Introduction
Injectable, in situ polymerizing hydrogels are being used with increasing frequency for biomedical applications such as cell delivery, drug delivery, and/or as a scaffold for reconstruction of injured tissue [1] . Injectable hydrogels have several desirable features for therapeutic applications including targeted delivery by minimally invasive techniques, ease of repeated delivery, ability to quickly fill an irregularly shaped space, and polymerization to form a support structure suitable for host cell infiltration and remodeling. Most of the investigated injectable hydrogels have been synthetic polymers with defined structural, chemical, and mechanical properties finely tuned for a desired application. However, there have been a number of recent descriptions of injectable hydrogels derived from naturally occurring biologic materials with purported superior biocompatibility and bioactivity compared to their synthetic counterparts. Common constituents of biologic hydrogels include Type I collagen, hyaluronic acid, or other proteins such as laminin as found in Matrigel [2] .
It has been shown that biologic scaffold materials composed of the extracellular matrix (ECM) of decellularized tissues can be partially digested with pepsin, solubilized, and polymerized in situ to form a hydrogel [3] [4] [5] [6] [7] [8] [9] [10] . Intact ECM scaffold materials retain numerous molecular constituents found in the native tissue such as cell adhesion proteins, growth factors [11] , and glycosaminoglycans and these materials support a constructive, site appropriate, remodeling response when implanted in a variety of anatomic sites including skeletal muscle [12] [13] [14] , cardiac tissue [15] , and the peripheral nervous system [16] . It is possible that a hydrogel formed from enzymatically degraded and solubilized ECM may maintain some of the biologic activity found in the intact ECM.
Unlike synthetic hydrogels, the physical and structural properties of ECM hydrogels have not been thoroughly characterized and the optimal methods for controlling these properties are not understood. Likely determinant factors of hydrogel properties include the tissue source and the decellularization methods used to prepare the ECM and the ECM concentration of the hydrogel. The objectives of the present study were: (1) to prepare a hydrogel from porcine dermal ECM, and (2) to compare the mechanical and material properties, in vitro cell growth characteristics, and in vivo remodeling properties of the dermal ECM (D-ECM) hydrogel with a previously described ECM hydrogel derived from porcine urinary bladder matrix (UBM) [3] .
Materials and Methods

Overview
ECM hydrogels were prepared from decellularized porcine dermis and urinary bladder and evaluated in vitro for mechanical behavior, biochemical composition, and cell response. D-ECM and UBM gels were then evaluated in a skeletal muscle injury model in vivo for host response and remodeling characteristics. Six independent batches of D-ECM and UBM were prepared from separate ECM isolations. All animal experiments were conducted in accordance with University of Pittsburgh Institutional Animal Care and Use Committee (IACUC) regulations and guidelines.
Preparation of D-ECM and UBM hydrogels
D-ECM was prepared as previously described [17] . Full thickness skin was harvested from market weight (approximately 110 kg) pigs. The subcutaneous fat, connective tissue, and epidermis were removed by mechanical delamination to isolate the dermal layer, and then stored at −80°C. Dermis was then thawed and treated with the following solutions under constant agitation on an orbital shaker at 300 RPM: 0.25% trypsin (Thermo Fisher Scientific, Waltham, MA), for 6 hours, three 15 minute washes of deionized water, 70% ethanol for 10 hours, 3% H 2 O 2 for 15 minutes, two 15 minute washes of deionized water, 1% Triton X-100 in 0.26% EDTA/0.69% Tris for 6 hours with a fresh change for an additional 16 hours, three 15 minute washes of deionized water, 0.1% peracetic acid/4% ethanol for 2 hours, two 15 minute washes of PBS, and two 15 minute washes of deionized water.
UBM was evaluated in parallel to D-ECM, and was prepared as previously described [18] . In brief, porcine urinary bladders from market weight pigs were harvested, and the urothelial, serosal, and muscular layers were removed by mechanical delamination. The remaining tissue consisted of intact basement membrane and tunica propria, which was rinsed with deionized water and then treated with 0.1% peracetic acid/4% ethanol on an orbital shaker at 300 RPM for 2 hours. The UBM was then rinsed twice with PBS for 15 minutes each followed by two 15 minute rinses in deioinzed water.
Both D-ECM and UBM were frozen and lyophilized for use in hydrogel preparation [3, 6] . In brief, lyophilized ECM scaffolds were powdered using a Wiley Mill and filtered through a 40 mesh screen. The comminuted ECM was then enzymatically digested in a solution of 1 mg/ml porcine pepsin (Sigma-Aldrich, St. Louis, MO) in 0.01 N HCl under a constant stir rate for 72 hours at room temperature. ECM pepsin digest stock solutions of 10 mg ECM/ml (dry wt.) were frozen until use in subsequent experiments. Gelation was induced by neutralizing the pH and salt concentration of the pepsin digest at 4°C followed by warming to 37°C. Neutralization was accomplished by the addition of one-tenth the digest volume of 0.1 N NaOH, one-ninth the digest volume of 10X PBS, and then diluting to the desired final ECM concentration with 1X PBS while on ice. The neutralized digest (pre-gel) was then placed in a non-humidified incubator heated to 37°C for one hour, after which, a hydrogel had formed. ECM concentrations of 2, 4, 6, and 8 mg/ml were prepared. Pre-gel was also injected through a syringe and 18G needle to subjectively determine injectability.
Evaluation of surface ultrastructure and hydrogel fiber orientation
The surface topology of D-ECM and UBM gels was examined using scanning electron microscopy, and the fiber network characteristics quantified using a previously developed image analysis algorithm (n = 6) run on MATLAB software (Mathworks, Natick, MA) [19] . ECM hydrogels at 2, 4, 6 and 8 mg/ml ECM concentrations were fixed in cold 2.5% (v/v) glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA) in PBS for 24 hours followed by three 30 minute 1X PBS washes. Gels were dehydrated in a graded series of alcohol (30, 50, 70, 90 , 100% ethanol in PBS) for 45 minutes per wash, and then left in 100% ethanol overnight at 4°C. After 3 additional 45 minute changes in 100% ethanol, hydrogels were slowly critical point dried (Leica EM CPD030 Critical Point Dryer, Leica Microsystems, Buffalo Grove, IL). After drying, gels were sputter coated (Sputter Coater 108 Auto, Cressington Scientific Instruments, Watford, UK) with a 4.5 nm thick gold/palladium alloy coating and imaged with a scanning electron microscope (JEOL JSM6330f, JEOL Ltd., Peabody, MA). A complete set of fiber network descriptors was collected from SEM images of each ECM hydrogel including: fiber alignment, node density (number of fiber intersections per μm 2 ), and fiber diameter. Fiber alignment was described through the normalized orientation index where 0% represents a randomly organized (isotropic) network, while 100% represents a completely aligned (anisotropic) network. Porosity was described through the mean of the pore size histogram (μm 2 ). Automated extraction of these fiber architectural features was achieved with an algorithm, which has been previously described in detail [19] . Briefly, the SEM image is digitally processed by a cascade of steps including equalization with a 3×3 median filter, local thresholding through the Otsu method, thinning, smoothing, morphological operators, skeletonization, binary filtering for Delaunay network refinement, and ultimately the detection of fiber network architecture and its descriptors.
ECM hydrogel rheology
The rheological characteristics of D-ECM and UBM hydrogels were determined with a rheometer (AR2000, TA instruments, New Castle, DE) operating with a 40 mm parallel plate geometry. The temperature was controlled within 0.1 °C using a Peltier plate. Typical rheometer gap was 450 to 750 μm. ECM digests were pH neutralized on ice and were immediately loaded onto the rheometer plate pre-cooled to 10 °C. Mineral oil was spread along the edge (i.e. the free surface of the hydrogel) to minimize evaporation. After loading, the steady shear viscosity was measured by applying a stress of 1 Pa at a frequency of 0.159 Hz. The temperature was then increased to 37 °C to induce gelation and a small amplitude oscillatory strain of 0.5% was imposed to track the gelation kinetics. After complete gelation, a creep test (1 Pa for 20 seconds) was performed to verify that there was no slip between the ECM hydrogels and rheometer plates. A small oscillatory frequency sweep experiment was then conducted for D-ECM conducted at 0.5% strain in the frequency range from 0.079 Hz to 6.33 Hz.
Turbidimetric gelation kinetics
The gelation kinetics of ECM hydrogels were evaluated turbidimetrically and kinetic parameters derived for comparisons (n = 4). Neutralized liquid D-ECM and UBM pre-gel solutions at 4, 6, and 8 mg/ml concentrations were prepared on ice. For each concentration, 100 μl/well was added in triplicate in 96 well plates and read spectrophotometrically in a plate reader (Spectramax M2, Molecular Devices, Sunnyvale, CA) pre-heated to 37°C. Absorbance at 405nm was measured every 2 minutes for 60 minutes. The readings were then scaled from 0 (at time 0) to 100% (at maximum absorbance) according to Equation 1 where NA is the normalized absorbance, A is the absorbance at a given time, A 0 is the initial absorbance, and A max is the maximum absorbance. Equation 1 Equation 1 The time to half gelation (t 1/2 ) was defined as the time to 50% absorbance, the gelation rate (S) was defined as the slope of the linear region of the gelation curve, and the lag time (t lag ) was defined as the intercept of the linear region of the gelation curve with 0% absorbance.
Collagen and sulfated GAG content of ECM pepsin digests
D-ECM and UBM pepsin digests were diluted and assayed for soluble, triple helical collagen content using the Sircol Collagen Assay (Biocolor Ltd., Carrickfergus, United Kingdom) per the manufacturer's instructions (n = 6). A pepsin buffer solution was used as the negative control and subtracted from the signal. Similarly, pH neutralized digests were analyzed for sulfated GAG concentration using the Blyscan Sulfated Glycosaminoglycan Assay (Biocolor Ltd.) per the manufacturer's instructions (n = 5).
In vitro cell culture and viability
In vitro cell growth on the surface or within the gel bulk was characterized for 6 and 8 mg/ ml D-ECM and UBM gels. These concentrations were selected because of the different mechanical and structural properties observed between these concentrations. The cell types evaluated were NIH 3T3 fibroblasts (CRL-1658, ATCC, Manassas, VA) and C2C12 myoblasts (CRL-1772, ATCC). C2C12 myoblasts were cultured in both growth and fusion conditions. NIH 3T3 and C2C12 myoblast growth media was Dulbeco's Modified Eagle Medium (DMEM; Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (Thermo Fisher Scientific). C2C12 myoblasts were differentiated into myotubes using fusion medium consisting of DMEM supplemented with 2% horse serum (Thermo Fisher Scientific) and 1% penicillin/streptomycin for an additional 2 days after 7 days of culture in growth medium. C2C12 myoblasts were examined at the 6 mg/ml concentration only.
One-half (0.5) ml hydrogels were prepared in 1.38 cm inner diameter stainless steel annular rings at 6 and 8 mg/ml concentrations for cell seeding experiments. Cells were seeded on the surface of hydrogels by depositing 1 ml of cell suspension on the fully formed hydrogel while inside of a seeding ring for a final seeding density of 5×10 5 cells/cm 2 . Cells were allowed to attach for 16 hours, then the seeding rings were removed and media changed. Cells were seeded within the gel bulk by adding 32μl of concentrated cell suspension per ml of neutralized liquid pre-gel solution for a final cell concentration of 1×10 6 cells/ml. Cells were thoroughly mixed in the pre-gel and then brought to 37 °C for 45 minutes inside of the seeding rings, during which time the hydrogel had formed around the cells. The seeding rings were removed and 5 ml of media added. Media was changed every 3 days for both seeding methods.
Cell viability on the surface of both 3T3 fibroblast and C2C12 myoblast seeded hydrogels was determined after 7 days in culture using the Live/Dead assay (Invitrogen, Carlsbad, CA). C2C12 myoblasts after culture in fusion media were also evaluated. Gels were incubated for 15 minutes in 1μM calcein-AM and 1μM ethidium homodimer-1 at 37 °C, washed in PBS, and imaged by fluorescent methods within one hour. C2C12 cells were imaged using confocal microscopy (Leica DMI 4000B, Leica Microsystems) to more accurately assess cell morphology. Histologic analysis was conducted after 3 and 7 days of culture, after which time hydrogels were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned, and stained with Masson's Trichrome. C2C12 myoblasts were also evaluated for viability and histologic appearance after 2 additional days of fusion conditions.
Cell infiltration quantification of ECM hydrogels
The infiltration of 3T3 fibroblasts seeded on the surface of 6 and 8 mg/ml ECM hydrogels was quantified using histologic methods after 3 and 7 days in culture (n = 3 from two independent batches of each ECM). Two or three fields (100X) of hydrogel histologic cross sections spanning the entire gel surface were imaged, and the cell infiltration distance from the surface quantified. Ten measurements of the maximum cell infiltration distance were taken at evenly spaced intervals across each image using ImageJ software (National Institute of Health, Bethesda, MD) and the values were averaged. The total hydrogel thickness was determined to normalize infiltration as percent of the hydrogel thickness. The maximum infiltration distance was defined as the greatest distance cells migrated from the surface (μm) for each hydrogel.
Contraction of ECM hydrogels
ECM hydrogel contraction after cells had been seeded within the bulk was quantified using macroscopic image analysis (n = 6-12, from two independent batches of each ECM). Freefloating ECM hydrogels were imaged inside their respective wells in 6-well plates after 12 hours, 1, 3, and 7 days in culture. Gels were fixed and imaged for histologic appearance after 3 and 7 days in culture. The top surface area of hydrogels was determined by tracing the border using ImageJ software compared to a reference within each image, and then converted to percent of the unseeded hydrogel area. Unseeded ECM hydrogels at both ECM concentrations remained in identical culture conditions and for the same time points as cell seeded hydrogels.
In Vivo Host Response to ECM Hydrogels in a Site of Muscle Injury
The in vivo compatibility and remodeling of ECM hydrogels were evaluated in a rat partial thickness abdominal wall defect model as previously described [12, 14] . A 1×1 cm defect was created via excision of the internal and external oblique muscles, leaving the transversalis fascia and peritoneum intact. One ml aliquots of 8 mg/ml (the concentration with greatest mechanical integrity) D-ECM and UBM hydrogels were prepared in 1.2cm × 1.2cm molds using sterile buffer solutions. ECM hydrogels were placed within the defect, and non-degradable polypropylene marker sutures placed at the four corners of the defect. Unrepaired defects were also prepared as a control group. After 3, 7, 14, or 35 days, rats were sacrificed and the defect site and adjacent abdominal wall were explanted and fixed in 10% neutral buffered formalin. The tissue was then embedded in paraffin, sectioned, and stained with Masson's Trichrome. Low powered fields (40X) of the histologic cross sections were imaged, and the gel thickness quantified with ImageJ software.
Sections were immunolabeled for the pan macrophage marker CD68. After deparaffinization, sections were subjected to epitope retrieval in 10mM citrate buffer (pH = 6) at 95-100 °C for 20 minutes. Sections were washed and blocked with 1% bovine serum albumin (BSA)/10% horse serum in tris-buffered saline (TBS) for 1 hour at room temperature and then incubated with mouse anti-rat CD68 antibody (1:100, clone ED1, MCA341R, AbD Serotec, Raleigh, NC) diluted in 1% BSA in TBS overnight at 4 °C. Sections were washed, followed by quenching of endogenous peroxidase activity with 0.3% (v/v) hydrogen peroxide solution in TBS for 15 minutes at room temperature. Sections were then washed and incubated in a HRP conjugated goat anti-mouse IgG secondary antibody (1:200, Vector, Burlingame, CA) diluted in 1% BSA in TBS solution for 1 hour at room temperature. Sections were washed and exposed to a diaminobenzadine substrate (DAB Peroxidase Substrate Kit, SK4100, Vector) until appropriate staining developed. Slides were counterstained with hematoxylin, dehydrated, cover slipped, and imaged.
Muscle cell phenotypes were confirmed via immunolabeling for fast and slow myosin heavy chain as previously described [12] [13] [14] . Slides were deparaffinized followed by epitope retrieval in 0.1 mM EDTA at 95-100 °C for 25 minutes followed by 0.1% Trypsin/0.1% Calcium Chloride (w/v) at 37 °C for 10 minutes. Endogenous peroxidase activity was quenched after incubation in a 0.3% (v/v) hydrogen peroxide solution in TBS for 10 minutes. Sections were blocked with 2% normal horse serum/1% BSA in TBS for 30 minutes at room temperature and then labeled for mouse anti-slow myosin heavy chain (1:1000, clone NOQ7.5.4D, M8421, Sigma-Aldrich) for 40 minutes at room temperature followed by rinsing in TBS. Sections were incubated in a biotinylated goat anti-mouse IgG secondary antibody (1:200, Vector) diluted in blocking solution for 1 hour at room temperature followed by rinsing in TBS. Sections were incubated in the Vectastain ABC reagent (Vectastain Elite ABC Kit, Vector) for 30 minutes at room temperature and then developed with a diaminobenzadine substrate (ImmPact DAB, Vector). Sections were incubated in blocking solution for 10 minutes followed by incubation in alkaline phosphatase conjugated mouse anti-fast myosin heavy chain (1:200, clone MY-32, A4335, Sigma) diluted in blocking solution for 1 hour. Color was developed by staining with alkaline phosphatase (Red Alkaline Phosphatase Kit, SK-5100, Vector), dehydrated, and cover slipped.
Myogenesis was quantified at the 35 day timepoint by determining the total cross sectional area of myosin heavy chain positive cells within the defect borders. Mosaic images spanning the entire defect were obtained, and each myosin heavy chain positive cell border was traced and the area quantified with ImageJ software. A blinded observer distinguished the location of the defect border from the intact native tissue and identified myogenesis by the presence of centrally located nuclei within cells that were also positive for myosin heavy chain.
Statistical Analysis
All statistical analyses were performed using SPSS software (IBM SPSS Statistics, IBM, Armonk, NY). Hydrogel fiber orientation, rheology, gelation kinetics, in vitro cell infiltration, in vitro contraction, in vivo thickness, and in vivo myogenesis were analyzed using a one-way analysis of variance (ANOVA) with a post-hoc Tukey test. The total soluble collagen and sulfated GAG content were analyzed using a student's t-test. Significance for all statistical analyses was defined as p < 0.05. All values are reported as the mean ± standard error of the mean.
Results
Macroscopic appearance of ECM hydrogels
Hydrogels were successfully prepared from both D-ECM ( Figure 1A -D) and UBM ( Figure  1E -H) scaffolds at concentrations ranging from 2-8 mg/ml and were found to be injectable through a syringe and 18G needle. Macroscopically, the higher ECM concentration 6-8 mg/ ml hydrogels had the most rigid structure with defined edges, and could be handled and manipulated with forceps. As ECM concentration decreased to 2-4 mg/ml, hydrogels became softer with rounded edges.
Evaluation of surface ultrastructure and hydrogel fiber orientation
Scanning electron microscopy of the gel surface showed qualitatively that both D-ECM ( Figure 1E -H) and UBM ( Figure 1M -P) hydrogels possessed a randomly oriented fibrillar structure, which was subsequently characterized quantitatively [19] . Visual inspection of algorithm output showed accurate automatic detection of the fiber network for both D-ECM and UBM hydrogels at multiple concentrations (Supplemental Figure 1 ). D-ECM fiber diameter and pore size had a non-linear decrease with increasing concentration from 0.094 ± 0.005 μm and 0.128 ± 0.017 μm 2 at the 2 mg/ml concentration to 0.069 ± 0.005 μm and 0.059 ± 0.001 μm 2 at 8 mg/ml concentration, respectively. However, fiber diameter and pore size of UBM hydrogels were found to be independent of ECM concentration within the range of 2-8 mg/ml at 0.074 ± 0.004 μm and 0.112 + 0.005 μm, respectively ( Figure 1Q -R). D-ECM node density exponentially increased with increasing concentration from 5.73 ± 0.69 nodes/μm 2 to 10.08 ± 0.22 nodes/μm 2 while the fiber intersection density of UBM hydrogels again showed no obvious trend with concentration ( Figure 1S ). The networks of both ECM hydrogels lacked any angular alignment with a normalized orientation index close to 0%, confirming the qualitative assessment.
ECM hydrogel rheology
The rheological characteristics of ECM hydrogels were determined using a parallel plate rheometer. The storage (G′) and loss modulus (G″) of ECM hydrogels increased after ECM pepsin digests were neutralized and the temperature was raised from 10 to 37 °C. Solid like behavior was confirmed because the storage modulus was greater than the loss modulus by approximately a factor of 10 after gelation. Both D-ECM ( Figure 2A ) and UBM ( Figure 2B ) showed an increase in rate of gelation with increasing concentration. The final steady state storage modulus of fully formed D-ECM hydrogels increased rapidly and non-linearly with concentration, while UBM hydrogels had a linear increase based on the three concentrations tested. Both D-ECM and UBM hydrogels had the highest modulus at the 8 mg/ml ECM concentration wherein D-ECM and UBM had a storage modulus of 466.5 ± 64.3 and 182.2 ± 36.5 Pa, respectively ( Figure 2C ). The viscosities of D-ECM and UBM pre-gel (neutralized digest prior to gelation) ranged between 0.02 and 10.08 Pa·s, and the viscosity tended to be higher for D-ECM than UBM. The average viscosity of D-ECM pre-gel at 8 mg/ml was greater than UBM at 4 mg/ml at 6.27 ± 2.08 and 0.10 ± 0.06 Pa·s, respectively ( Figure 2D ). Post gelation creep analysis of 8 mg/ml D-ECM and UBM hydrogels showed a viscoelastic strain profile (Supplemental Figure 2A-B) characterized by a rapid initial strain increase with creep ringing, followed by a slower increase and plateau. The creep modulus (Supplemental Figure 2C -D) for both D-ECM and UBM hydrogels quickly reached steady state modulus values that were similar to the storage modulus found during oscillatory strain with no evidence of slip between the samples and rheometer plates. The frequency response of D-ECM to an oscillatory strain was evaluated (Supplemental Figure 2E ) after creep analysis. The storage modulus of D-ECM hydrogel showed no dependence on frequency at any concentration, and was greater at the 8 mg/ml ECM concentration than 6 or 4 mg/ml for all frequencies tested.
Turbidimetric gelation kinetics
The turbidimetric gelation kinetics of D-ECM ( Figure 3A ) and UBM ( Figure 3B ) hydrogels was characterized spectrophotometrically over a range of concentrations and the gelation parameters (lag time, gelation rate, and time to 50% gelation) quantified. ECM hydrogel formation began after a lag period (t lag ), and occurred more quickly for UBM and at higher concentrations. The lag time for UBM at 8 mg/ml was 11.1 ± 2.5 minutes compared to 24.5 ± 1.2 minutes for D-ECM at 4 mg/ml (Supplemental Figure 3A) . The time to 50% gelation (t 1/2 ) followed the trend of increased time for D-ECM compared to UBM and lower concentrations, but was not statistically significant (Supplemental Figure 3B ). Gelation rate (S) tended to be greater for D-ECM than UBM, but was not strongly dependent on concentration (Supplemental Figure 3C ).
Collagen and sulfated GAG content of ECM pepsin digests
The soluble collagen content of D-ECM was 0.85 ± 0.04 mg collagen/mg ECM (dry wt.), which was greater than the 0.58 ± 0.03 mg collagen/mg ECM found for UBM at the same total ECM concentration ( Figure 4A ). Conversely, the total sulfated GAG content of D-ECM digests were much lower in D-ECM than UBM with 1.11 ± 0.06 and 3.20 ± 0.06 μg GAG/mg ECM (dry wt.), respectively ( Figure 4B ).
In vitro cell culture and viability
Almost all NIH 3T3 fibroblasts cultured on the surface and within the bulk of both D-ECM and UBM hydrogels at 6 and 8 mg/ml concentrations were viable (green cytoplasm without red nuclei) after 7 days (Supplemental Figure 4 ). Fibroblasts were confluent on the surface with a cobblestone morphology, and there were no differences in viability based on ECM hydrogel type, concentration, or cell seeding method. Histologic analysis of fibroblasts seeded on the surface of ECM hydrogels showed a confluent monolayer of cells at 3 and 7 days, and varying degrees of infiltration (quantified in section 3.7). Fibroblasts seeded within hydrogels were distributed throughout the hydrogel (Supplemental Figure 5) , with a higher cell density at and near the surface of the hydrogel compared to the center. Hydrogels with greater contraction (and a corresponding decrease in cross sectional area) showed a greater cell density, but overall a similar number of cells.
C2C12 myoblasts were seeded both on the surface and within the bulk of D-ECM and UBM hydrogels at 6 mg/ml ECM concentration. The Live/Dead assay showed that the majority of cells were viable when cultured on the surface or within the bulk of both ECM types ( Figure  5B ,D,F,H,J,L). However, cells appeared more confluent on D-ECM hydrogels than UBM as seen via histology and the Live/Dead assay for both seeding methods. Both D-ECM and UBM hydrogels showed cells distributed throughout the entire volume when the cells were seeded within the hydrogel bulk ( Figure 5A ,C). By 7 days of culture, C2C12 myoblasts had begun to fuse into large diameter multinucleated myotubes when seeded on the surface of D-ECM hydrogels, and to a far lesser extent on UBM hydrogels where there were fewer, smaller elongated cell structures present ( Figure 5E-H) . After 2 days in fusion media, only myoblasts seeded on the surface of D-ECM hydrogels had developed into mature myotubes with a radial alignment ( Figure 5I-J) . Myoblasts seeded on or within UBM hydrogels, or within D-ECM hydrogels did not form large myotubes.
Cell infiltration quantification of ECM hydrogels
NIH 3T3 fibroblasts infiltrated both D-ECM and UBM hydrogels when seeded on the surface of hydrogels at ECM concentrations of 6 and 8 mg/ml ( Figure 6A-H) , and all ECM hydrogel types and concentrations showed an increase in infiltration over time between 3 and 7 days. Cells reached a maximum infiltration depth of 1312.6 ± 103.0 μm for UBM hydrogels at the 6 mg/ml concentration after 7 days, which was significantly different from the D-ECM hydrogels that infiltrated 843.8 ± 86.0 μm. Increased infiltration into UBM hydrogels compared to D-ECM was also observed for the 8 mg/ml concentration after 7 days, with 1265.4 ± 142.4 and 741.6 ± 136.9 μm, respectively ( Figure 6I ). During culture, it was observed that there was hydrogel contraction, therefore the infiltration measurements were normalized as a percent of infiltration through the hydrogel thickness ( Figure 6J ). The normalized values again showed an increase in infiltration between 3 and 7 days for both D-ECM and UBM hydrogels at both 6 and 8 mg/ml concentrations, and there was greater infiltration into UBM hydrogels than D-ECM hydrogels at the 6 mg/ml ECM concentration after 7 days. UBM hydrogels were infiltrated 68.6 ± 9.7 % of the hydrogel thickness at the 6 mg/ml concentration, which was greater than the 43.7 ± 6.9 % observed for the 8 mg/ml concentration after 7 days.
Contraction of ECM hydrogels
ECM hydrogel contraction increased over time between 12 hours and 7 days in culture, the rate of which was dependent on both the ECM type and ECM concentration ( Figure 7A-E) . The unseeded hydrogel area did not change regardless of ECM type, concentration, or time point. Hydrogel contraction quantification ( Figure 7F ) showed that D-ECM hydrogels at an ECM concentration of 8 mg/ml contracted the least at 87.9 ± 1.3 % of the initial area after 7 days. D-ECM contracted to a greater extent at the 6 mg/ml concentration than the 8 mg/ml to 49.6 ± 10.8 % on the initial area by 7 days. UBM hydrogels at both 6 and 8 mg/ml were similar and showed the most contraction after 7 days at 15.2 ± 0.6 % and 12.7 ± 1.5 %, respectively. However, the rate of contraction differed for UBM hydrogels at 6 and 8 mg/ml concentrations. UBM hydrogels at the lower 6 mg/ml concentration contracted more rapidly than the 8 mg/ml concentration, with 24.6 ± 0.5 % and 43.7 ± 3.0 %, respectively after 3 days in culture. Figure 7A-D) . ECM hydrogels were faintly blue staining, and filled the entirety of the defect at early timepoints. UBM hydrogels were significantly thinner than D-ECM hydrogels after 3, 7, and 14 days, but by 35 days, both D-ECM and UBM had almost completely degraded as determined by histologic quantification (Figure 8E ). The macroscopic appearance of the defect area also confirmed the slower degradation kinetics for D-ECM (Supplemental Figure 6) where the D-ECM hydrogel was visible up to 14 days and UBM was only visible for 7 days.
In Vivo Host Response to ECM Hydrogels in a Site of Muscle Injury
Both ECM hydrogels were completely infiltrated throughout the entire hydrogel thickness by CD68+ cells within 3 days of implantation ( Figure 8F-G) . CD68+ cells continued to populate the hydrogels at all timepoints, and remained in the remodeling tissue after the hydrogel had degraded ( Figure 8H -I & Supplemental Figure 7E-H) . The remodeling defect area also showed signs of myogenesis at 35 days, with large fusing myoblasts with centrally located nuclei and scattered islands of fast or slow myosin heavy chain positive cells ( Figure  8J-K) . The myosin heavy chain positive cells were most densely located near the defect borders, though occasionally populated the center of the defect. Total muscle cell area was quantified based on morphology and myosin heavy chain positive staining. UBM hydrogels induced a greater amount of myogenesis than an unrepaired defect alone ( Figure 8L ).
Discussion
Porcine dermal ECM can be solubilized and subsequently induced to form an injectable hydrogel under physiologically relevant pH, salt concentration, and temperature that is capable of supporting viable cell growth. D-ECM hydrogels were evaluated for structural, mechanical, and in vitro cell response characteristics; all of which were found to be ECM concentration dependent. Compared to hydrogels composed of UBM, which is derived from a different tissue and prepared by a different decellularization method, D-ECM possesses different and distinct physical and biologic properties. Relative to UBM, D-ECM hydrogels have increased mechanical stability, soluble collagen content, fibril density, and in vitro myogenesis potential. UBM hydrogels have greater amounts of GAGs, allow greater cell infiltration/contraction in vitro, and promote greater myogenesis in vivo. These results indicate that the physical and biologic properties of an ECM hydrogel can be altered and at least partially controlled by the specific ECM scaffold utilized and the ECM concentration.
Potential advantages of ECM hydrogels for therapeutic applications include the robust biologic activity from constituent matrix molecules, and ease of delivery using minimally invasive techniques to fill irregular spaces. Numerous synthetic polymer hydrogels have been developed for injectability, but lack notable biologic activity without the addition of bioactive molecules such as exogenous growth factors or peptides [2, 20, 21] . Biologic scaffolds prepared from decellularized tissues can promote and facilitate a constructive and site appropriate remodeling response in vivo as shown in various preclinical studies [12] [13] [14] [15] [16] 22] . Although the mechanisms of this phenomenon are only partially understood, modulation of the host immune response [23] , recruitment of endogenous stem and progenitor cells [24] , and rapid and complete scaffold degradation play important roles. It is unknown whether these events are mediated by ECM surface topographical features, specific structural ligands, released bioactive molecules, and/or other mechanisms. The present study in which the matrix is enzymatically degraded, solubilized, and then repolymerized suggests that the constitutive molecules of the ECM at least play an important role.
Host cells, particularly macrophages, actively participate in the degradation of implanted intact ECM scaffolds, and both macrophage participation and scaffold degradation are essential for constructive remodeling [12, 23] . Degradation of intact ECM scaffolds promotes the release of matricryptic molecules; that is oligopeptide and oligosaccharide derivatives of the native ECM [25] . These matricryptic molecules possess a variety of bioactive properties including recruitment of endogenous stem and progenitor cells, antimicrobial activity, and angiogenic effects, among others [26] [27] [28] . In vitro pepsin degraded and solubilized ECM scaffolds have been used as a model for investigating the effects ECM degradation products. Pepsin digests of UBM have mitogenic and chemoattractant effects on dermal progenitor keratinocytes, endothelial cells, and stem cells in vitro [29] [30] [31] [32] . In vivo degradation of intact ECM scaffolds have been shown to produce chemoattractant molecules for progenitor cells [24] . Likewise, UBM pepsin digests promote the accumulation of multipotent stem cells in a mouse digit amputation model [33, 34] . When applied to pre-clinical models of cardiac injury, ECM degradation products increase vascularization and cardiomyocyte number [35] . The specific type and profile of biologic activities are highly dependent on the tissue type from which the ECM is isolated [36] , processing method [17] , and other factors such as age of the tissue [37] . D-ECM scaffold processing methods have been previously optimized to maximize the quantity of retained tissue specific molecules such as growth factors and GAGs and supporting in vitro cell growth, while simultaneously removing effectively all of the cell components [17] . In short, an ECM hydrogel represents a potentially potent mixture of signaling molecules that modulate the recipient remodeling response when placed in vivo, and both the D-ECM and UBM scaffolds have been optimized for this purpose.
ECM hydrogels have been previously developed from various tissue sources including liver [36] , dermis [6, [38] [39] [40] , adipose tissue [9, 40, 41] , urinary bladder [3, 42] , small intestine [10] , cardiac tissues [7, 8, 35] , skeletal muscle [4] , and central nervous system tissues [5] using different methods of soluble ECM isolation such as high salt protein extraction or pepsin digestion. These studies show a range of hydrogel properties, and the present study provides a systematic characterization of hydrogels derived from two dissimilar tissues and decellularization methods. The differences in hydrogel properties from different ECM scaffolds are likely due to variations in composition. D-ECM has a greater fraction of soluble triple helical collagens, which are the probable fibril forming elements of an ECM hydrogel, compared to UBM. The total collagen content of the ECM digest, which includes insoluble, crosslinked collagen, was not quantified. GAG content also was also greater in UBM than D-ECM, which may directly affect gel properties [43] . Additionally, SEM imaging and analysis showed that D-ECM hydrogels have a higher fiber node density than UBM and a higher storage modulus. There is a strong correlation between fiber node density and mechanical strength consistent with descriptions of fibrous networks [44] , and which may have implications on in vivo cell behavior. The compositional variation may be attributed to the inherent differences between the native tissues and the decellularization method used to prepare them.
In vitro cell behavior is greatly affected by the mechanical environment of the substrate on which they are attached; therefore, ECM hydrogel structure and mechanical properties may also influence the cell response [45] [46] [47] [48] [49] [50] . UBM hydrogels are more readily infiltrated and contracted by fibroblasts in vitro than D-ECM at the same ECM concentration, which might be expected based upon the greater interfiber distance (pore size) and lower storage modulus of UBM. However, the observed responses logically represent the net effect of hydrogel structure, mechanical properties, and the biologic activity of specific degradation products. Cell infiltration of a scaffold and fibroblast mediated contraction is especially important in certain types of wound healing.
ECM hydrogel properties affect the host remodeling response in a skeletal muscle defect model in vivo. D-ECM hydrogels, similar to the in vitro experiments, are less readily infiltrated than UBM, and are degraded more slowly. As previously shown for intact ECM scaffolds, CD68+ cells (monocytes/macrophages) are a critical component of the remodeling process [23] and constitute the majority of infiltrating cells in both ECM hydrogels in the present study. These cells are likely contributors to hydrogel degradation. ECM scaffold degradation in vivo is also associated with increased polarization towards an M2 phenotype, which in turn has been implicated in promoting constructive remodeling [51] . Both D-ECM and UBM hydrogels showed evidence of site appropriate constructive remodeling, specifically early myogenesis events in the defect region. Contrary to the in vitro result, remodeled UBM hydrogels in vivo promote greater myogenesis than D-ECM, a result that emphasizes the complex host/material interaction that occurs in vivo compared to in vitro.
Understanding the physical and biologic properties of ECM hydrogels may provide the opportunity to more effectively utilize an ECM hydrogel construct for specific therapeutic applications, where characteristics such as degradation kinetics or mechanical stability are of importance. Currently, few methods have been described to adjust the physical properties of ECM hydrogels, which include alterations in salt concentration or chemical cross linking [52, 53] . This study shows that the tissue source, decellularization method, and ECM concentration are all variables that affect the desired hydrogel properties. A potentially important consideration for choosing the ECM source for a hydrogel application is the tissue specificity of the source ECM. Recent studies suggest that some tissues respond more favorably to an ECM scaffold derived from homologous tissue [22, 36] .
Conclusions
Porcine dermal ECM hydrogel can be prepared from an intact scaffold, and has distinct structural, mechanical, and biologic properties. ECM hydrogel properties can be manipulated by such factors as the source tissue from which the hydrogel was prepared and the final ECM concentration, and it may occur in a non-linear fashion. ECM hydrogel biologic properties in vitro and the skeletal muscle remodeling in vivo suggest that the constituent ECM molecules released from the intact scaffold during in vitro degradation remain active in the hydrogel architecture.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Macroscopic appearance, surface topology, and fiber network analysis of ECM hydrogels. ECM pepsin digests were pH neutralized and injected into 1.38 cm inner diameter rings at 37°C for one hour. Macroscopic images were obtained and hydrogels were processed for scanning electron microscopy. Scanning electron micrographs were obtained at 10,000X magnification for D-ECM and UBM hydrogels prepared at ECM concentrations of 8, 6, 4, and 2 mg/ml. SEM images were analyzed using an automated fiber tracking algorithm to determine the average fiber diameter, pore size, and node density of ECM hydrogels at each concentration. # denotes significance from the 8 mg/ml concentration of the same ECM type and † denotes significance between D-ECM and UBM at the same concentration (p < 0.05). Scale bar for macroscopic images represents 1 cm. Turbidimetric gelation kinetics of ECM hydrogels. Representative curves of D-ECM (A) and UBM (B) hydrogels at ECM concentrations of 8, 6, and 4 mg/ml. ECM pepsin digests were pH neutralized and added to the wells of a 96-well plate at 37 °C to induce gelation. The absorbance at 405 nm was measured at 2 minute intervals and normalized between 0 (the initial absorbance) and 1 (the maximum absorbance). Myogenic potential of ECM hydrogels in vitro. C2C12 myoblasts were cultured on the surface and within D-ECM and UBM hydrogels in growth and fusion conditions. C2C12 myoblasts were evaluated via histologic analysis of Masson's Trichrome stained cross sections and Live/Dead staining of the hydrogel surface for viable cells (green) and dead cell nuclei (red) imaged with confocal microscopy. C2C12 myoblasts were cultured for 7 days in growth media or for 7 days in growth media followed by 3 additional days in low serum fusion media to induce myotube formation. Scale bars represent 100 μm. Cell infiltration into ECM hydrogels. NIH 3T3 fibroblasts were seeded on the surface of D-ECM (A,E,C,G) and UBM (B,D,F,H) hydrogels at ECM concentrations of 6 and 8 mg/ml after 3 and 7 days of culture. The distance infiltrated from the surface was quantified via histologic analysis of Masson's Trichrome stained cross sections. The maximum distance infiltrated from the surface by any cell was determined (I) as well as the average infiltration across the entire hydrogel (J). * denotes significance between days 3 and 7 (for the same ECM type/concentration), † denotes significance between D-ECM and UBM (within the same timepoint/concentration), and # denotes significance between the 8 and 6 mg/ml concentrations (at the same ECM type/timepoint). Scale bar represents 100 μm. Contraction of ECM hydrogels. NIH 3T3 fibroblasts were cultured within D-ECM and UBM hydrogels at ECM concentrations of 8 and 6 mg/ml, and imaged macroscopically after 12 hours, 1 day, 3 days, and 7 days in culture (representative images of 6 mg/ml UBM with the hydrogel border traced with a dotted yellow line, A-E). The hydrogel contraction was quantified from these images and is expressed as % area of the unseeded control for each ECM type/concentration/timepoint. * denotes significance from the unseeded control, ‡ denotes significance from the previous timepoint for an ECM type/concentration, † denotes significance between D-ECM and UBM at the same timepoint/concentration, and # denotes significance between concentration of the same ECM type/timepoint. Scale bar represents 1 cm.
Figure 8.
In vivo response to ECM hydrogels in a rat skeletal muscle defect. D-ECM and UBM hydrogels were prepared at an ECM concentration of 8 mg/ml and then implanted in a 1×1 cm partial thickness rat abdominal wall defect for 3, 7, 14, or 35 days. The histologic appearance of Masson's Trichrome and CD68 stained sections were determined after 3 and 35 days showing 40X and 400X (inset) magnifications. The hydrogel thickness was quantified at each timepoint from the histologic cross sections. Myogenesis was determined via immunolabeling for slow (brown) and fast (red) myosin heavy chain (MHC) after 35 days of hydrogel implantation, and the total MHC positive cell area within the defect was quantified and compared to an unrepaired control. * denotes significance from the 35 day timepoint, and † denotes significance between D-ECM and UBM within a timepoint. Scale bars represent 100 μm.
